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Entanglement localization after a coupling to incoherent noisy system
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We report the experimental realization of entanglement localization which restores polarization
entanglement completely redirected after a linear coupling with incoherent and noisy surrounding
photon. The method, based only on measurements of the surrounding photon after the coupling and
on post-selection, can localize the entanglement back to original systems for any linear coupling.
Quantum entanglement is the cornerstone of many pro-
tocols, both of quantum communication and information
processing [1]. In the real world, it is a fragile resource
easily spoiled by the coupling to another surrounding sys-
tem. In the last few years various schemes have been
implemented in order to overcome this problem: distil-
lation, purification and concentration protocols [2, 3, 4].
All these techniques deal with an entanglement recov-
ery after a non-completely destructive interaction with
noise in the communication channel. However a wider
control on the entanglement resource and its dynamics is
desiderable also when the interaction with noise is strong
enough to completely destroy the quantum correlation of
the signal. In order to achieve this aim we shall exploit
the concept of entanglement localization (EL), a physi-
cal resource connected to the correlation function [5, 6].
Within a many-particles system, the localizable entangle-
ment is defined as the maximal amount of entanglement
that can be localized in a sub-system (for example, two
particles), by making local measurements on the rest of
the system. In the last few years, the investigation of
EL features has attracted much attention [7], in particu-
lar entanglement localization has been mainly discussed
for pure states and for some theoretical examples from a
large variety of mixed states [5, 6]. In the framework of
entanglement distribution, the EL can be considered as
a novel method in the extreme case where the entangle-
ment is completely redirected through an interaction to
the surrounding systems. In the present paper we apply
the concept of entanglement localization in the case of
coupling to a surrounding system which destroys entan-
glement by transferring them to the surrounding system.
We theoretically investigate and experimentally prove the
entanglement localization after a basic linear coupling of
a photon from a maximally-entangled polarization pair
with a small surrounding system represented by a single
photon, which is completely depolarized and fully inco-
herent.
As a conceptual scheme, we consider the system pre-
sented in Fig.1. Our focus is on the simple physical ex-
ample of interaction U between two entangled qubits A
and B (the signal), generated by an EPR source, and a
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FIG. 1: Schematic representation of the entanglement lo-
calization procedure. The yellow dashed box indicates the
inaccessible surrounding system.
small surrounding system represented by a single photon
E [1, 8]. Since there is no control on E before its coupling
to the system B, its quantum state is assumed to be com-
pletely mixed and to be incoherent. Incoherent means
that E is principally distinguishable from the signal pho-
ton. These two properties represents our novel focus in
the entanglement localization. After the interaction with
the surrounding system, the initial entanglement between
qubits A and B is lost. Here we will discuss how en-
tanglement can be localized back to the communicating
parties A and B by carrying out a proper measurement
on the outgoing system E and by a proper feed-forward
quantum correction. The entanglement can be recovered
through localization for any linear couplings. A max-
imum of the localized entanglement can be achieved by
carrying out a probabilistic filtration. Moreover, we show
that an induced partial indistinguishability between the
entangled systemB and surrounding system E can be ex-
ploited to improve the amount of localized entanglement.
The analysis has been carried out for different strength
of the coupling T and by quantifying the entanglement
by the councurrence C [9].
Distinguishable surrounding photon: As first sce-
nario we consider the case in which the photons E and
B are in principle distinguishable (incoherent). In this
case, the two photons injected into the beam-splitter
(BS) have a random mutual delay ∆t such that ∆t ≫
τcoh = 300fs, where τcoh is the coherent time of the en-
tangled pair. The resolution time of the detector satisfies
tdet ≫ ∆t, hence it is not technologically possible to in-
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FIG. 2: Experimental setup [11]. The main source of the
experiment is a Ti:Sa mode-locked laser with wavelength
λ = 795nm. A small portion of the laser beam generates
the single noise photon over the mode kE using an attenua-
tor (Att), which gives rise to a mean photon number equal
to n¯ = 0.1. Hence single photon contribution is achieved a
posteriori. The main part of the laser beam passes through
second harmonic generation (SHG) where a bismuth borate
(BiBO) crystal generates a UV laser beam having wave-vector
kp and wl λp = 397.5nm with power equal to 800mW . The
transformation used to map the state |H〉
E
into ρE =
IE
2
is
achieved through a stochastically rotated λ/2 waveplate [12].
The trombone is used to randomly shift the surrounding sin-
gle photon E out of the coherence time of the photon B. The
UV laser beam pumps a 1.5mm thick non-linear crystal of β-
barium borate (BBO) cut for type II phase-matching which
generates polarization entangled pairs with equal wavelength
λ = 795nm [13]. The dashed boxes indicate the polarization
analysis setup adopted by Alice and Bob. The photons are
coupled to a single mode fiber and detected by single pho-
ton counting modules Di. On output modes kB and kE the
photons are filtered adopting filters (IF) with ∆λ = 3nm
centered at 795nm, while on mode kA ∆λ = 4.5nm for the
distinguishable photons.
dividuate whether the detected photon is E or B. The
overall dynamic of the protocol can be divided in three
different sequences. A schematic drawing of our experi-
mental layout is shown in Fig.(2).
I) Coupling with surrounding system. The local-
ization protocol starts from a maximally entangled state
|Ψ−〉AB = (|H〉A|V 〉B−i|V 〉A|H〉B)√2 . During its propagation,
the photon B is coupled with the surrounding photon E,
described by the density matrix ρE =
I
2 corresponding
to an unpolarized photon. It interacts with the photon
B by a linear unitary coupling: a beam splitter BS with
transmittivity T and reflectivity R = 1−T [10]. After the
interaction on the beam splitter, three possible situations
can be observed: both photons go to the measurement
box or to Bob’s detection, or only a single photon is sep-
arately presented in both the detectors. The first case
corresponds simply to attenuation, while the second case
can be in principle distinguished by counting the num-
ber of photons in the signal. Thus only the last case,
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FIG. 3: Concurrence between A and B versus T after the cou-
pling with an incoherent unpolarized (distinguishable) photon
E: before measurement on E (dotted line), after measurement
on E (dashed-dotted line), after measurement on E and filtra-
tion with ε = 0.15 on A,B (dashed line), after measurement
on E and filtration with ε→ 0 on A,B (continuous line).
which corresponds to a mixing of the photons B and E,
deserves interest. The output state reads:
ρout = q|Ψ−〉AB〈Ψ−|⊗ IE
2
+(1−q)|Ψ−〉AE〈Ψ−|⊗ IB
2
(1)
with q = T 2/(T 2 +R2) connected to the strength of the
coupling. The state ρIAB of the photon A and B is a
Werner one and is found to be separable depending for
T <
√
2− 1: Fig.3 dotted line.
II) Entanglement localization. The measurement
on the photon E has been used to localize the entan-
glement between Alice and Bob. As no frequency selec-
tion has been performed on the laser mode kE before
the coupling with signal, a multi-mode single photon
state interacts with the entangled photon B. We have
measured only a tiny part of frequency spectrum of this
multi-mode light selected by a single mode fiber and an
interference filter (IF) in front of detector DE. In this
way, we relax from the condition to measure all the in-
teracting photons. The photon propagating on selected
mode kE is then measured after a polarization analysis
(Fig.2). Hence the output state ρout is projected onto
the |H〉E [15]:
ρIIAB = q|Ψ−〉AB〈Ψ−|+ (1− q)|V 〉A〈V | ⊗
IB
2
(2)
This state is entangled for any value of T as shown by
Fig.3. The entanglement localization effect can be ex-
plained as follows: we exploit the correlation between
the output photons A and E in Eq.2 (note that the pho-
tons B and E are completely uncorrelated since they do
not overlap on the beamsplitter). The measurement on
photon E allows to perform a partial projection on A: by
measuring the polarization of the photon E the depolar-
ized noise acting on the photon A is transformed into a
polarized noise (see transition from I to II), which is less
destructive for entanglement. Furthermore, as will be
shown below, the amount of entanglement can be prob-
abilistically enhanced through a local procedure.
3ρAB AA AB Concurrence P
I Max(0, 2T
2
−R2
2(R2+T2)
) R2 + T 2
II T
2
T2+R2
1
2
(R2 + T 2)
III εT
2
T2+R2
ε 1
1+ε R
2
2T2
T√
T2+R2
1
2
εT 2 + 1
4
ε2R2
TABLE I: Entanglement localization for the linear coupling to
distinguishable depolarized surrounding photon: concurrence
C, probability of success P, and intensity A of filtering on
modes A and B, for each step of the localization procedure.
III) Entanglement filtration. To enhance the local-
ized entanglement after the measurement on the photon
E, the probabilistic single-copy quantum filtration intro-
duced in [2] can be used. To this scope, two filters FA
and FB based on two sets of glass close to their Brew-
ster’s angle, were placed on Bob’s and Alice’s mode in
order to attenuate one polarization (V ) in comparison to
its orthogonal (H). We indicate the attenuation over the
mode ki for the V polarization asAi: |V 〉i →
√
Ai(ε)|V 〉i
where ε < is a parameter such that 0 < ε < 1(see Table
I). By tuning the incidence angle of the beam on mode
ki, different values of ε can be achieved . The following
state is achieved
ρIII
AB
=
1
PIII
(
εT 3√
T 2 +R2
|Ψ−〉AB〈Ψ−|+ ε2R2|V V 〉AB〈V V |+
ε(T 2 − T
3
√
T 2 +R2
)(|HV 〉AB〈HV |+ |V H〉AB〈V H |)
(3)
For ε → 0 we obtain a polarization-entangled states
which is mixed due to decoherence in a preferred polariza-
tion basis. The entanglement of such states is extremely
resilient to the colored noise and could also violate Bell’s
inequalities [17]. The Table I summarizes the theoreti-
cal values of the concurrence C and the probability P of
success for each step of the protocol as function of the
coupling strength T .
Let us now describe the experimental implemetation
of the localization process. In Table II, we compare the
theoretical predictions to experimental results for each
step of the protocol.
I) After the mixing at the beam splitter with the com-
pletely distinguishable and unpolarized photon E, the
singlet state |Ψ−〉AB evolves into the density matrix ρIAB
(see Table I). If there is just a single photon outgoing
towards Bob’s detection, the channel acts as a depolar-
izing Pauli channel. As it can be observed in Fig.(3), for
T ≤ √2 − 1 the concurrence CI , quantifying entangle-
ment between photons in modes kA and kB, vanishes. To
test the theory, we carried out an experiment by adopt-
ing a beam splitter with T ≈ 0.4. The experimental
density matrix ρ˜IAB is shown in Fig.(4-I) and has a high
fidelity with the theoretical prediction (see Table II). The
HH
HV
VH
VV
HH
HV
VH
VV
  0.5
  0.25
0
0.25
0.5
HH
HV
VH
VV
HH
HV
VH
VV
  0.5
  0.25
0
0.25
0.5
RESTORATION OF ENTANGLEMENT
Mixing with
noise
Measurement 
environment
Filtration
(II)
(I)
(a)
(III)
Initial entangled
state
]~Re[? ]~Im[?
HH
HV
VH
VV
HH
HV
VH
VV
  0.5
  0.25
0
0.25
0.5
HH
HV
VH
VV
HH
HV
VH
VV
  0.5
  0.25
0
0.25
0.5
HH
HV
VH
VV
HH
HV
VH
VV
  0.5
  0.25
0
0.25
0.5
HH
HV
VH
VV
HH
HV
VH
VV
  0.5
  0.25
0
0.25
0.5
HH
HV
VH
VV
HH
HV
VH
VV
  0.5
  0.25
0
0.25
0.5
HH
HV
VH
VV
HH
HV
VH
VV
  0.5
  0.25
0
0.25
0.5
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
FIG. 4: Experimental density matrix for distinguishable pho-
tons: a) eρinAB, I) eρ
I
AB, II) eρ
II
AB , III) eρ
III
AB. We reconstruct the
two qubit density matrix ρAB through the quantum state to-
mography procedure [18]. For each tomographic setting the
measurement lasts from 5 s (a) to 30 minutes (III), the latter
case corresponding to about 500 triple coincidence.
state obtained experimentally exhibits C˜I = 0, hence Al-
ice and Bob do not share entanglement. II). The state
evolves into an entangled one described by the density
matrix ρIIAB. Theoretically, the entanglement is localized
between Alice and Bob for all the values of T 6= 0 but the
elements of the matrix are fairly unbalanced, as shown
by the experimental one ρ˜IIAB reported in Fig.(4-II). III)
If the transmittivity T, which characterizes the coupling,
is known then the entanglement can be enhanced by fil-
tration. The filters FA and FB, acting on the modes kA
and kB , ensures the lowering of the |V V 〉〈V V | compo-
nent, leading to a higher concurrence, as can be seen in
Fig.(3). The concurrence has a limit for asymptotic fil-
tration (ε→ 0) lower than unity (Fig.3-continuous line):
maximal entanglement cannot be approached, as a con-
sequence of the coupling with incoherent photon. Of
course, a collective protocol can be still used [3], since
all entangled two-qubit state are distillable to a singlet
one. Applying the filtration with the attenuation pa-
rameters over the two modes equal to AA = 0.33 and
Theory Exp. F idelity
I CI 0 0 0.997± 0.006
II CII 0.32 0.19± 0.02 0.96± 0.03
PII 0.27 0.26± 0.01
III CIII 0.42 0.28± 0.02 0.89± 0.06
PIII 0.17 0.11± 0.01
TABLE II: Theoretical and experimental data in the distin-
guishable surrounding photon regime for the three steps of
the protocol [16].
4AB = 1, we obtain the state shown in Fig.(4-III). Such
filtration brings to a higher concurrence. The filtration
also allows to produce a state violating Bell inequalities
[14], see Table I, although it was impossible just after the
measurement.
Partially indistinguishable surrounding photon:
As second scenario, we consider the state shared between
Alice and Bob after the coupling with the photon E, as
a mixture arising from coupling with a partially distin-
guishable noise photon. In such situation, the protocol
exploits quantum interference phenomena in the coupling
allowing a higher localization of entanglement. The de-
gree of indistinguishability is parameterized by the prob-
ability p that the fully depolarized environmental photon
is completely indistinguishable from signal. From the
theory, the entanglement between Alice and Bob disap-
pears if p > T
2+2T−1
2T (1−T ) . After the localization, the con-
currence after the measurement is C′II =
T |T−p(1−T )|
1−(2+p)T (1−T )
which is positive if p 6= T/(1 − T ). After the applica-
tion of the filtering, the concurrence can be enhanced up
to C′III =
|T−p(1−T )|√
1−2(1+p)T (1−T ) which is higher than CIII .
Hence it is advantageous to induce indistinguishability
between the noise and the signal. In the theoretical limit
of asymptotic filtration and completely indistinguishable
photons (p = 1), the concurrence reaches unity except
for T = 0, 1/2 [20]. In order to ensure an indistinguisha-
bility between the photons B and E the mutual delay ∆t
has been set equal to 0, corresponding to the maximal
overlap of the photon pulses injected into BS. Further-
more on modes kB and kE we have inserted narrow-band
interference filters with ∆λ = 1.5nm (Fig.2). We have
estimated the degree of indistinguishability between the
photon belonging to mode kB and the one associated
to kE as p = (0.85 ± 0.05) by realizing an Hong-Ou-
Mandel interferometer [19] adopting a beam splitter with
T = 0.5. To carry out the experiment we adopt a BS
with T = 0.3 and the optical delay has been set in the po-
sition ∆t = 0 to reach maximal interference at the beam
splitter. According to the data reported in Table III,
for partially indistinguishablity from the environmental
photon, the interference phenomena taking place in the
coupling process allows to localize a higher amount of
Theory Exp. F idelity
I C′I 0 0 0.86± 0.02
II C′II 0.22 0.15± 0.03 0.96± 0.01
P ′II 0.20 0.22± 0.01
III C′III 0.47 0.50± 0.01 0.92± 0.04
P ′III 0.09 0.10± 0.01
TABLE III: Comparison between theory and experimental re-
sults in the partially indistinguishable regime [21] (Filtration
(III) with parameters AA = 0.12, and AB = 0.30.
initial entanglement.
In summary, we have investigated the role of quan-
tum coherence in the entanglement localization protocol,
which is able to restore the entanglement although it has
been redirected by a coupling to the surrounding noisy
and incoherent system. We have reported the experimen-
tal proof-of-principle demonstration of the protocol lo-
calizing polarization entanglement between two photons
after the coupling with distinguishable (incoherent) and
unpolarized photon. It has been already justified that
this localization protocol works also for a multiple linear
couplings with many incoherent photons, representing a
more complex surrounding system [22]. A direct appli-
cation of this entanglement localization can be envisaged
to improve generation of entanglement, in-line quantum
communication and in computation.
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